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I.  INTRODUCTION 


Master  oscillator  with  power  amplifier  (MOPA)  configurations  have  been 
1  -4 

proposed  lor  phased  arrays  of  laser  light  sources.  The  master  oscil¬ 
lator  of  a  MOPA  is  a  laser  whose  output  is  split  into  several  beams,  each 
of  which  is  amplified  by  single  or  multiple  passes  through  separate  gain 
regions.  The  outputs  of  the  many  amplifiers  are  expected  to  preserve  the 
phase  distribution  of  the  master-oscillator  beam,  and  thus  should  be 
mutually  coherent  with  each  other.  The  critical  issues  concerning 
multiline  MOPA  systems  include: 

•  Is  the  phase  distribution  of  the  master  oscillator  preserved  upon 
amplification? 

•  What  is  the  performance  penalty  paid  for  a  spectral  mismatch 
between  the  master  oscillator  output  and  the  amplifier  gain 
distribution? 

•  Can  near-field  phase  measurements  ensure  optimum  far-field 
performance? 

o  4 

Early  experiments-* ’  using  beamsplitter  sampling  on  continuous-wave 
(CW)  hydrogen-fluoride  (HF)  chemical  lasers  demonstrated  that  complete 
phase  matching  of  an  amplified  multiline  beam  with  an  unamplified  sample  of 
the  same  beam  was  feasible.  This  report  describes  results  of  experiments 
using  the  MOPA  configuration  as  a  two-element  phased  array  of  multiline  CW 
HF  lasers  in  order  to  investigate  the  issues  mentioned  above.  We  quantify 
the  mutual  coherence  of  the  beams  emerging  from  the  two  apertures  via 
measurements  of  the  visibility  of  the  interference  fringes  obtained  by 
overlapping  the  two  beams  in  the  near  field.  Typical  amplification  factors 
for  the  two  beams  are  presented,  and  the  effect  of  spectral  mismatch  is 
presented.  We  discuss  a  comparison  of  the  mutual  coherence  of  beams 
obtained  by  wavefront  division  of  the  master  oscillator  beam  (using  a 
mirror  edge)  vs  the  amplitude  division  technique  (using  a  transmissive/ 
reflective  beamsplitter).  The  relation  between  these  near-field  measure¬ 
ments  and  the  ultimate  requirement  for  far-field  diagnostics  is  presented, 
and  is  verified  by  our  measurements  of  far-field  phased  array  performance. 
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II.  EXPERIMENTAL  APPARATUS 


Figure  1  is  a  schematic  diagram  of  our  MOPA/phased  array  optical 
system  using  a  partial-aperture  beamsplitting  configuration.  The  beam  from 
a  multiline,  CW  HF  subsonic  "probe"  laser^  is  expanded  to  1  cm  diameter  and 
propagated  (in  a  single  pass)  through  an  arc-driven  supersonic  CW  HF  gain 
medium.^  The  amplified  beam  is  split  into  two  by  the  externally  coated 
faces  of  the  beamsplitting  prism.  Note  that  this  is  the  wavefront-division 
type  of  beamsplitter.  The  beam  reflected  upward  traverses  a  system  of 
fixed  mirrors  to  the  phased-array  output  aperture,  which  is  another  extern¬ 
ally  coated  prism.  The  optical  train  traversed  by  the  amplified  beam  that 
is  reflected  downward  by  the  beamsplitting  prism  includes  an  "optical 
trombone"--two  mirrois  attached  to  a  translation  stage  to  provide  a 
variable  optical  path  length  for  that  beam  without  affecting  its  alignment. 
This  provides  a  means  to  accomplish  the  necessary  equalization  of  the 
optical  path  lengths  required  for  multiline  phase  matching .3 

The  diagnostic  arrangement  for  the  MOPA  experiments  is  shown 
schematically  in  Fig.  2.  The  individual  beams  can  be  routed  to  power 
meters  by  inserting  a  third  externally  coated  prism  into  the  diagnostic 
path,  using  a  removable  kinematic  mount.  These  power  meters  are  used  to 
measure  the  amplification  factor  for  the  individual  beams,  and  to  ensure 
proper  positioning  of  the  two  beams  within  the  gain  region.  With  the  third 
prism  removed,  the  beams  can  be  directed  to  an  Optics  Engineering  HF  laser 
spectrum  analyser  for  measurement  of  their  spectral  content,  by  use  of 
another  kinematic  mount.  Otherwise,  the  beams  proceed  to  the  rotating- 
mirror  beam  scanning  diagnostic.  This  arrangement  of  rotating  mirror, 
pinhole,  and  detector  provides  a  one-dimensional  scan  of  the  intensity 
distribution  at  the  plane  of  the  pinhole.  When  the  mirror  M1  is  flat,  this 
diagnostic  records  a  scan  of  the  near-field  fringes  obtained  when  the  two 
beams  are  overlapped.  When  is  replaced  by  a  concave  mirror  of  the 
appropriate  focal  length,  the  rotating  mirror  apparatus  displays  the 
centerline  scan  of  the  far-field  focal  spot  of  the  two  beams.  Single-line 
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intensity  distributions  are  obtained  by  inserting  an  appropriate  filter  in 
front  of  the  pinhole.  These  data  are  collected  by  a  Norland  model  3001 
digital  oscilloscope  and  recorded  on  magnetic  disk. 


FLOW 


Fig.  1.  Schematic  Diagram  of  the  Master  Oscillator  with  Power 
Amplified  Experimental  Configuration 


OPTICAL 


Fig.  2.  Schematic  Diagram  of  the  Phased-Array  Diagnostic  System 
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III.  OPTICAL  PATH  EQUALIZATION 


Whereas  two  single-line  beams  can  be  made  to  constructively  interfere 
wrer;  c'ne;r  path  lengths  are  different  integral  numbers  of  wavelengths,  the 
'  . .  *  i .  ; nature  of  the  HF  laser  requires  that  the  optical  path  lengths  for 
\r.e  two  bears  from  the  beamsplitting  prism  to  the  diagnostic  location  be 
•  >.aot  .y  equal.-'  H  Only  at  tnis  zero  optical  path  difference  (zero  OPD) 
condition  will  all  of  the  spectral  lines  constructively  interfere  at  the 
same  vocation.  Zero  OPD  can  be  found  by  translating  the  optical  trombone 
Vne  interference  fringes  from  the  split  master-oscillator  beam 
display  a  maximum  visibility.  Unless  the  maximum  visibility  is  very  close 
to  1.  however,  a  secondary  maximum  in  visibility  (several  wavelengths  away 
from  zero  OPD)  could  be  mistaken  for  the  zero  OPD  location.  Furthermore, 
if  only  a  few  lines  are  output  by  the  master  oscillator,  many  secondary 
maxima  exist,  and  their  visibilities  are  very  close  to  the  maximum  value. 
For  these  reasons,  we  used  an  independent  measure  of  the  zero  OPD 
condition:  white-light  interferometry.  White  light  interference  fringes 
can  only  be  observed  when  the  path  lengths  of  the  interfering  beams  are 
within  a  few  wavelengths  of  being  equal. ^  Also,  their  visibility  has  a 
single,  distinct  maximum  at  zero  OPD.  These  considerations  are  illustrated 
by  Fig.  3  (taken  from  Ref.  3),  which  is  an  experimental  measurement  of  the 
fringe  intensity  in  the  output  of  a  Mach-Zehnder  interferometer  as  a 
function  of  OPD  for  both  a  multiline  HF  laser  beam  and  a  zirconium-arc 
white-light  source. 

In  our  experiment,  we  used  a  three-legged  version  of  a  Michelson 
interferometer  to  equalize  the  path  lengths  of  the  two  test  legs  with  that 
of  a  third  reference  leg.  Shown  schematically  in  Fig.  4,  a  beam  of  white 
light  from  a  tungsten  bulb  is  split  uy  a  full-aperture  (amplitude  division) 
beamsplitting  plate.  The  reflected  beam  becomes  the  reference  leg,  which 
includes  a  compensating  plate  of  the  same  thickness  as  the  beamsplitting 
plate,  and  the  transmitted  beam  is  split  into  two  half-apertures  by  a 
beamspl itting  prism  (wavefront  division).  After  aligning  all  of  the  legs 


13 


b.  WHITE  LIGHT 


-H  I— 

100  fim 


Fig.  3.  Fringe  Intensity  as  a  Function  of  OPD  for  a  Mach-Zehnder 
Interferometer  Illuminated  by  (a)  Multiline  HF  Laser, 
and  (b)  a  White  Light  Source 
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Fig.  4.  Schematic  Diagram  of  a  Three-Legged  White-Light 
Michelson  Interferometer 
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of  the  interferometer  for  tilt  (using  a  visible  alignment  laser),  the 
length  of  the  reference  leg  is  adjusted  until  white  light  fringes  are 
observed  in  the  right-hand  output  aperture.  The  optical  trombone  is  then 
adjusted  until  fringes  are  observed  in  the  left-hand  aperture.  When  the 
interferometer  is  thus  aligned,  the  central  fringe  (the  one  with  maximum 
visibility)  is  seen  in  both  apertures,  and  the  lengths  of  all  three 
interferometer  legs  are  equal  within  0.2  micron.  Using  photodetectors, 
precise  position  encoders,  and  fringe-counting  electronics,  zero-OPD  could 
be  diagnosed  within  0.05  micron.  Figure  5  is  a  drawing  of  the  actual 
layout  of  the  three-legged  interferometer  used  to  equalize  the  optical 
paths  in  our  MOPA.  It  was  aligned  by  the  same  procedure  discussed  above, 
but  note  that  the  retroref lector  for  both  test  legs  is  the  same  flat 
mirror.  This  ensures  equal  optical  paths  for  the  split  master  oscillator 
beams  from  the  beamsplitting  prism  to  the  output  aperture. 


REFERENCE 


Fig.  5.  Drawing  of  the  Michelson  Interferometer  Setup 
as  it  was  Used  on  Our  Optical  System 
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Iv.  EXPERIMENTAL  RESULTS 


The  average  power  in  the  split  master-oscillator  beams  was  typically 
3  watts  each  (at  the  diagnostic  location).  Upon  amplification,  beams  of 
6  watts  each  were  obtained  for  either  of  two  different  master  oscillator 
output  spectra.  Figure  6  is  a  typical  thermal  image  of  the  focal  plane  of 
the  HF  laser  spectrum  analyzer  under  conditions  of  the  best  spectral  match 
between  oscillator  and  amplifier  (best  spectral  match  is  determined  as  the 
spectrum  that  is  typically  output  from  the  arc-driven  amplifier  when  it  is 
operated  as  an  oscillator).  It  shows  that  the  dominant  lines  are  P-|(6), 
Pp(5),  and  P2(6),  with  contributions  from  P-|(7)  and  P2(7).  When  the  master 
oscillator  output  was  adjusted  so  that  P2(8)  was  the  dominant  line,  the 
amplification  factor  was  still  2,  owing  to  the  rapid  cross-relaxation  of 
the  vibration-rotation  levels  of  the  HF  medium.  The  mutual  coherence 
measurements  quoted  below  did  not  change  when  the  oscillator  spectrum  was 
changed . 

Typical  oscilloscope  traces  of  the  multiline  near-field  interference 
fringes  are  shown  in  Fig.  7.  These  traces  were  obtained  at  the  zero  OPD 
setting  of  the  optical  trombone.  Figure  7a  shows  fringes  from  the  split 
master  oscillator  beam  without  amplification,  while  Fig.  7b  is  of  the  MOPA 
output  (with  amplification).  In  either  case,  the  measured  visibility 


Pi(6)  Pi(7)  P2(5)  P2(6)  P2(7) 


Fig.  6.  Thermal  Image  of  the  Focal  Plane  of  the  HF  Laser  Spectrum 
Analyzer,  with  the  Spectral  Lines  Identified 
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(after  correction  for  the  size  of  the  pinhole  with  respect  to  the  fringe 
spacing)  of  the  maximum-visibility  fringe  is  0.90  ±  0.02.  The  degradation 
from  a  visibility  of  1  is  a  property  of  the  master  oscillator  beam  and  the 
diagnostic  arrangement;  it  is  important  to  note  that  there  is  no  measurable 
degradation  in  visibility  due  to  amplification  of  the  master  oscillator 
beam.  Figure  8  is  an  oscilloscope  trace  of  the  P2 ( 6 )  single-line  component 
of  the  near-field  fringe  pattern,  for  which  the  measured  visibility  is 
0.98,  with  or  without  amplification.  We  therefore  conclude  that  amplifica¬ 
tion  does  preserve  the  phase  coherence  of  the  master  oscillator  beam,  and 
the  MOPA  is  therefore  a  viable  concept  for  obtaining  phased  arrays  of 
multiline  HF  lasers. 


a. 
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Fig.  7.  Horizontal  Scan  of  the  Near-Field  Multiline 
Interference  Fringes  (a)  for  the  Master 
Oscillator  Beams  Without  Amplification,  and 
(b)  for  the  Amplified  MOPA  Output  Beams 
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Fig.  8.  Horizontal  Scan  of  the  P2(6)  Component 
of  the  Near-Field  Interference  Fringes 
with  Amplification 
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V.  FAR-FIELD  MEASUREMENTS 


The  performance  of  a  phased-array  optical  system  is  ultimately 
measured  as  the  far-field  brightness.  Crucial  to  obtaining  the  maximum 
brightness  is  path-length  equalization  for  each  of  the  phased-array  output 
apertures,  which  in  turn  depends  on  the  ability  to  diagnose  path  length 
differences.  Maximizing  the  visibility  of  near-field  fringes  is  one 
approach  to  obtaining  zero  OPD,  but  the  measured  visibility  is  greatly 
affected  by  the  sampling  technique  used  to  obtain  the  interfering  beams. 
Near-field  fringe  visibility  using  wavefront  division  is  a  function  of  the 
spatial  mutual  coherence  of  the  two  beams,  while  the  far-field  measurement 
is  the  overlapping  of  essentially  plane  waves.  Furthermore,  the  far-field 
brightness  is  a  more  sensitive  function  of  path  length  differences  than  is 
near-field  fringe  visibility.  We  therefore  use  white-light  interferometry 
to  get  within  a  micron,  and  far-field  measurements  to  optimize  within 
0.1  micron.  Finer  control  should  be  possible  with  refined  diagnostic 
techniques. 

One  can  obtain  near-field  fringes  of  high  visibility  using  amplitude 
division  (whole  aperture)  beamsplitting  such  as  occurs  in  a  Mach-Zehnder 
(or  Michelson)  interferometer.^  Such  a  beamsplitter  provides  two  beams 
which  are  spatially  mutually  coherent  for  any  beam,  while  partial-aperture 
beamsplitting,  such  as  that  used  by  us,  places  strict  spatial  coherence 
requirements  on  the  master  oscillator  beam  in  order  to  obtain  high 
visibility  near-field  fringes.  We  therefore  use  the  near-field  techniques 
to  get  close  to  zero  OPD  (within  a  wavelength).  Near-field  fringes  are 
useful  for  this  "coarse"  search,  because  if  tilt  is  introduced,  the  pattern 
displays  many  path  length  differences  at  a  time.  Our  far-field  measure¬ 
ments,  discussed  below,  display  the  fact  that  the  brightness  of  the  focused 
spot  is  sensitive  to  twentieth-wavelength  excursions  in  OPD  (indeed  it  goes 
from  a  peak  to  a  null  within  a  half-wavelength),  and  therefore  far-field 
diagnostics  are  required  to  optimize  phased  array  performance. 
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The  far-field  focused  spots  of  the  individual,  separated  beams  is 
shown  in  Fig.  9.  They  are  nearly  Gaussian  in  profile,  and  have  the 
expected  diffraction-limited  width  corresponding  to  their  size  in  the  near 
field.  The  beams  were  then  overlapped  in  the  far  field,  and  the  optical 
trombone  was  moved  in  very  small  (twentieth  of  a  wavelength)  steps  until  an 
intensity  null  was  achieved  in  the  center  of  the  focused  spot.  This  null, 
shown  in  Fig.  10a,  is  easier  to  observe  than  the  optimum  on-axis  peak  which 
appears  in  Fig.  10b.  These  two  features  occur  with  a  half-wavelength 
excursion  in  OPD,  which  is  a  quarter-wavelength  translation  of  the  optical 
trombone.  The  narrowing  of  the  focused  spot  in  the  direction  of  the 
rotating  mirror  scan  is  the  expected  result  for  coherent  combination  of  the 
two  beams  for  our  near-field  aperture  and  90%  mutual  coherence.  The  peak 
brightness  was  occasionally  near  the  expected  result,  but  is  such  a 
sensitive  function  of  OPD  that  only  2.5  times  the  single- ‘■'earn  brightness 
could  be  measured  reproducibly . 


Fig.  9.  Horizontal  Scans  of  the  Multiline 
Far-Field  Spots  with  Amplification, 
When  the  Beams  are  Separated 
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b. 


A 


Fig.  10.  Horizontal  Scan  of  the  Multiline  Far-Field  Spot 

with  Amplification,  When  the  Beams  are  Overlapped, 
and  (a)  When  the  OPD  is  One-Half  Wavelength  from 
Zero,  and  (b)  When  the  OPD  is  Within  a  Twentieth- 
Wavelength  of  Zero 
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VI.  CONCLUSIONS 


The  Master  Oscillator  with  Power  Amplifiers  configuration  has  been 
shown  to  be  a  viable  technique  for  obtaining  phased  arrays  of  multiline  CW 
HF  chemical  lasers.  The  nature  of  the  HF  amplifying  medium  is  such  that 
significant  spectral  mismatch  is  accomodated,  and  that  the  mutual  coher¬ 
ence  of  the  master  oscillator  beam  is  preserved.  The  engineering  consider¬ 
ations  for  path  length  diagnostic  and  control  were  discussed,  and  the 
utility  of  first  near-field,  and  then  far-field,  measurements  was  empha¬ 
sized.  The  on-axis  null  a  half-wavelength  from  zero  OPD  was  shown  to  be 
helpful  in  finding  zero  OPD.  Finally,  the  sensitivity  of  the  focussed  spot 
to  twentieth-wavelength  OPD  is  not  surprising,  as  we  specify  the  same 
tolerance  on  the  surface  figure  of  all  of  our  mirrors.  Our  conclusion  is 
tnat  tne  process  of  amplification  of  HF  laser  beams  does  not  affect  their 
mutual  coherence  nor  their  beam  quality,  since  we  have  measured  nearly 
diffraction-limited  output  in  the  far  field  with  or  without  it. 
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LABORATORY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  "architect -engineer"  for 
national  security  projects,  specializing  in  advanced  miLitary  space  systems. 
Providing  research  support,  the  corporation's  Laboratory  Operations  conducts 
experimental  and  theoretical  investigations  that  focus  on  the  application  of 
scientific  and  technical  advances  to  such  systems.  Vital  to  the  success  of 
these  investigations  is  the  technical  staff's  wide-ranging  expertise  and  its 
ability  to  stay  current  with  new  developments.  This  expertise  is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  individual  laboratories: 

Ae  rophvs ics  Laboratory :  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  envi ronmenta l  chemistry,  ttace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  temperature  thermomechanics,  gas  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  excimer  laser  development  including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state -spec i f ic  chemical  reactions  and 
radiative  signatures  of  mis?>:le  plumes,  sensor  out  -of  -f  ie  Id -of  -view  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spacehorne 
computers,  f an l t -tolerant  computer  systems,  artificial  intelligence,  micro¬ 
electronics  applications,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory:  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  communications; 
microwave  semiconductor  devices,  microwave/millimeter  wave  measurements, 
diagnostics  and  radiometrv,  microwave/ mil l imeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rt  systems,  electromagnetic 
propagation  phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals, 
alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of  carbon;  non¬ 
destructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  in  space  and  enemy -induced 
envi ronments . 

Space  Sciences  Laboratory:  Magnetospher ic ,  auroral  and  cosmic  ray 
physics,  wave-particle  interactions,  magnetospheric  plasma  waves;  atmospheric 
and  ionospheric  nhysics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics,  infrared  astronomy, 
infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  and  magnetosphere; 
effects  of  electromagnet ic  and  particulate  radiations  on  space  systems;  space 
instrumentation. 


